SUMMARY The influence of chronic arterial hypertension upon the permeability to albumin of the cerebral capillaries, i.e. the blood-brain barrier, was studied in normotensive Wistar and spontaneously hypertensive Wistar rats with experimental subarachnoid hemorrhage. The blood-brain barrier permeability to albumin was assessed quantitatively by spectrophotometric determination of Evans blue extravasation. Subarachnoid hemorrhage was produced by injecting autologous blood into the cortical subarachnoid space. A significant increase of Evans blue albumin extravasation was found in the spontaneously hypertensive rats with subarachnoid hemorrhage as compared with normotensive animals suffering from subarachnoid hemorrhage. Subarachnoid hemorrhage in this model alone caused a significant Evans blue extravasation, whereas sham-operation did not. These findings emphasize the necessity for effective attempts to reduce the leakage of the capillary system in the early stage of subarachnoid hemorrhage.
PREVIOUS CLINICAL STUDIES OBSERVED that the outcome of subarachnoid hemorrhage (SAH) in chronic hypertensive patients was less favourable than in those with normal arterial pressure. 1 2 More recently, SAH was found to bring about disruption of the blood-brain barrier (BBB) in about two-fifths of selected SAH patients in the acute stage and the majority of these patients developed vasospasm and ischemic complications in the later phase of SAH, and had a poor prognosis. 3 " 5 The incidence of early BBB disruption was significantly higher in chronic hypertensive patients. 5 Under experimental conditions, SAH caused marked BBB damage in cats and rats, although contradictory data have also been published. 6 " 9 The controversy in the literature concerning the state of the BBB after SAH should be ascribed to the fact that induction of SAH in these studies was produced in different ways. 10 During acute increases of arterial pressure, when the autoregulatory capacity of cerebral vessels is exceeded, there is an increase in cerebral blood flow and disruption of the BBB." Cerebral vessels of spontaneously hypertensive rats (SHRs) were less susceptible to disruption of the BBB during acute hypertension than normotensive Wistar rats, i.e. their capillary system displayed a protective adaptation during the course of acute hypertension."
The high incidence of BBB disruption in hypertensive SAH patients might be one of the causes of the poor outcome, as the increased capillary permeability not only leads to vasogenic brain edema, but also allows the passage into the brain of substances normally restricted.
The aim of this experimental study was to establish the degree and possible difference of BBB damage to
Materials and Methods
The experiments were performed on adult Wistar and spontaneously hypertensive Wistar rats of either sexes, ranging in weight from 250 to 300 g. The animals were subjected to light ether anesthesia during operations, as well as later, before perfusion and decapitation. The rectal temperature was monitored, and cooling was prevented with an electric heating pad. Arterial blood gases were also monitored. SAH was produced by administration of autologous blood onto the surface of the cerebral cortex. Details of the procedure were published earlier. 9 12 In brief, a burr hole was drilled over the right cerebral convexity 3 mm caudal from the coronal and 2 mm lateral from the sagittal suture. Care was taken to keep the dura intact. The burr hole was sealed with bone wax, and the dura was pierced. 200 /xl of autologous blood drawn from the tail was injected within 60-80 seconds. The bone wax prevented leakage back through the burr hole. The rats were killed by decapitation. The proper position and the extension of the subarachnoid blood clot were confirmed by various methods: macroscopic evaluation, light microscopic and electronmicroscopic studies. At sham-operation 200>l of 0.45% saline, or 200 (JL\ of cell free fraction of rat blood (serum) was injected instead of autologous blood. Intracranial (ICP) and systemic mean arterial blood pressure (MABP) were measured in a separate group. A chronic cannula was inserted into the left lateral ventricle. One week later the animals were anesthetized with an intraperitoneal injection of pentobarbital sodium (60 mg/kg) and the right femoral artery was cannulated. Both cannulas were connected to Statham P23D pressure transducers, and the ICP and MABP were recorded continuously with a Hellige recorder. The pressures were generally monitored for 6 hours after induction of SAH. The status of the cerebral microcirculation in the rat SAH model was studied previously with carbon black perfusion. 9 12 Quantitative assessment of the BBB permeability to albumin was performed 6 hours after production of SAH by spectrophotometric detection of Evans blue albumin: 1 hour after operation 50 mg/kg Evans blue was administered intravenously under light ether anesthesia. Before decapitation of the animals, the Evans blue was washed out through the aorta by perfusion with 0.9% saline in a volume of 100 ml/100 g body weight. The amount of extravasated Evans blue remaining in the brain was determined with the spectrophotometric method of Rossner and Tempel. 13 The blood pressure of SHRs was monitored daily by tail plethysmography with a W and W 8005 recorder. The SHRs were classified according to their blood pressure as follows: Group 1: 220-260 mm H: Group 2: 150-180 mm Hg: Group 3: below 150 mm Hg. The "control" Wistar groups and the SHR groups were compared by means of the two-tailed unpaired Student's t-test.
Results
With the operation described above, a uniform, reliable, non-invasive simulated SAH with constant blood volume was produced in the rats. The blood clot was confied to the subarachnoid space over the right ipsilateral cortex, and did not extend into the subdural space or into the ventricles. The clinical course was uneventful: the animals were awake and able to drink during the study. The MABP decreased slightly for 5-10 minutes after SAH, but then returned to the control value. The ICP increased to a mean value of 4.7 mm Hg for 10-12 minutes, and then slowly returned nearly to the control levels. Blood gases remained at the control values. Table 1 shows the results of the permeability measurements. Extravasation of Evans blue albumin in untreated or sham-operated SHRs did not exceed that of control or sham-operated animals with blood pressure within normal limits. Evans blue accumulation secondary to SAH was of similar degree in rats with normal blood pressure and in animals with an arterial blood pressure of 150-180 mm Hg. On the other hand Evans blue albumin extravasation was statistically significantly higher in the Group 6 (SAH animals with a blood pressure of 220-260 mm Hg) than in Groups 3, and 8 (SAH animals with normal blood pressure) (p < 0.001) or in Group 7 (SAH animals with a blood pressure of 150-180 mm Hg: (p < 0.05). In the most hypertensive rats (blood pressure: 220-260 mm Hg: Group 6), a statistically significant Evans blue albumin extravasation developed 6 hours postbleeding even in the contralateral hemispheres as compared with sham-operated hypertensive animals (Group 4, and 5) (p < 0.05).
Discussion
The influence on the major cerebral arteries of vasoactive substances released from the blood breakdown products in the cerebrospinal fluid after SAH has been evidenced in studies on experimental animals and the ensuing spasm has been claimed to be a pathogenetic factor in the development of clinical ischemic complications.' 114 - 15 Nevertheless, the effects of these substances on the capillary system, i.e. on the BBB, are not yet fully understood. 16 Although some authors have hinted at the possible clinical significance of the involvement of BBB in the pathomechanism of SAH, there is some controversy in the literature as concerns the state of the capillary system in the acute stage of SAH.
3 " 8 - 17 The influence of chronic arterial hypertension upon brain capillaries exposed to SAH has not been studied so far. 16 The existing experimental SAH models employ larger and more expensive laboratory animals, such as the dog, cat, monkey, etc., in which often, though not always, rupture of a cerebral vessel is employed to produce SAH. l8~20 In these cases SAH is often accompanied by a raised intracranial pressure, In a previous study we investigated the suitability of the rat (a relatively small, easily available, not too expensive laboratory animal) in studies of the effects of a non-invasive simulated SAH, produced by the introduction of blood into the cortical subarachnoid space on the BBB permeability, blood pressure, intracranial pressure and brain perfusion.
9 n This approach was taken to ensure an easily standardizable model appropriate for quantitative studies. Cortical subarachnoid administration proved to be a reproducible method, ensuring a constant subarachnoid blood volume with minimal brain damage. The proper location of the blood clot in the subarachnoid space was confirmed by various morphological methods. Our results supported the findings of Krisch et al who used the same route of administration in their morfological studies of the meninges. While the tracer injected below the dura always entered the subarachnoid space, no opening and filling of the subdural space occurred. This was very reasonable, because the virtual subdural space opens only in the vicinity of penetrating vessels as happens in clinical situations. Over the convexity, the virtual subdural space cannot be widened easily, as the injected fluid flows in the direction of least pressure, i.e. towards the CSF space, where its draining away is also best ensured. 22 Internal CSF pathways were not blocked, and the subarachnoid clot lying widely above the hemispherial grey matter (which contains four times more capillaries than the white matter) came into very close contact with the nervous tissue.
-

12
- 24 The non-specific effects of a possible compression injury could be ruled out, as in all experiments (sham-operations, blood injection) the course of pressure changes, as detected by ICP measurements, were similar. Yoshida et al, on the other hand, could not evoke capillary permeability increase by producing mechanical compression injury in rats. 23 Although ICP, MABP and perfusion measurements were performed on freelybreathing anesthetized animals with normal blood gases during the experiment, in contrast with the BBB morphological and biochemical studies on alert rats, we concluded that the significant influence of a raised ICP or MABP or of a capillary circulatory arrest on the capillary system in this rat model could be ruled out. 9 l2 In our rat model a marked leakage of serum albumin was revealed by immunohistochemistry, electronmicroscopy and spectrophotometric determinations.
9 l2 Albumin extravasation was accompanied by brain water and sodium accumulation too.
-
12 As the pathogenetic role of arterial hypertension, major ischaemia and marked ICP elevation could be discounted, and injection of 0.45% saline or cell free serum did not increase the capillary permeability, the BBB damage could be ascribed to the biochemical action of the blood clot covering the upper aspect of the hemispheres. 12 This SAH model was employed in normotensive Wistar and SHRs of the Wistar strain to assess the influence of chronic arterial hypertension and the vasoactive breakdown products of a subarachnoid clot upon the capillary system. Quantitative determinations of Evans blue extravasation revealed a significant difference between animals with normotension and those with high blood pressure. Evans blue injected into the blood binds to albumin normally confined to the intravascular space. Albumin extravasation not only indicates the development of vasogenic brain edema, with its resulting effects on ICP, brain shift, cerebral perfusion, direct toxic influence on the neuropil, but also shows the pathological passage into the brain of substances normally restricted to the blood stream. 25 -26 These findingss indicate that the frequent development of BBB disruption in hypertensive patients suffering from a subarachnoid hemorrhage may be one of the causes of the worse prognosis of these patients. It emphasizes the necessity for more effective attempts to reduce the leakage of the capillary system in the early stage of SAH. Recovery of EEG activity following recirculation was better in the nimodipine-treated group than in the control group. During the ischemic period, there were no significant differences in accumulation of free fatty acids or in depletion of ATP between treated and control groups. At 120 minutes following recirculation, recovery of the ATP level was significantly better in the treated group than in the control group. Therefore, the promotion of functional and metabolic recovery by nimodipine-treatment is suggested to be not due to the prevention of an accumulation of free fatty acids nor to the depletion of ATP during the ischemic period, but to either Improvement of postischemic hypoperfusion or a direct action on metabolic processes during reperfusion period.
Effect of Nimodipine on
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RECENTLY, considerable interest has been centered on the role of calcium in irreversible ischemic brain damage. 1 2 Ischemic depolarization of cell membrane is associated with a precipitous influx of calcium from the extracellular to the intracellular compartment, and, as a consequence, intracellular calcium increase. 3 The elevated cytosolic calcium induces impairment of the mitochondrial function that leads to failure of ATP production and induces activation of Ca 2+ -ATPase resulting in a further reduction of ATP. 4 Increase in Ca
2+
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Received May 2, 1985 ; revision # 1 accepted September 20, 1985. leads to activation of phospholipase A 2 with formation of free fatty acids, in particular, arachidonic acid which is metabolized to prostaglandins and leukotrienes. 7 The free fatty acids are assumed to have detrimental effects on mitochondrial and plasma membrane functions 8 -9 and to induce brain edema. 10 Moreover, it is suggested that the products of free fatty acids oxidative metabolism may further aggravate ischemic brain damage during the reperfusion period. Calcium entry blockers appear to inhibit calcium entry into cells by so-called slow channels to the cell membrane and to prevent metabolic disturbance and accumulation of free fatty acids during ischemia.
The present study was designed to test whether a calcium entry blocker, nimodipine, prevents increased free fatty acids and metabolic disturbances during the ischemic period and promotes functional and metabolic recovery after recirculation.
